A B S T R A C T Oxyhemoglobin dissociation (OHD) curves were performed on whole blood (WB) from 20 patients with anginal pain, normal hemodynamics, and normal coronary arteries, as demonstrated by selective coronary cinearteriography. OHD curves in 19 of 20 patients, from zero to full saturation, were nearly identical to those in normal control subjects with values for Pso (Po2 at 50% saturation and pH 7.4) of 26.7±
INTRODUCTION
A syndrome of chest pain suggestive of ischemic heart disease but associated with normal coronary arteriogThis work was presented in part at the 20th Annual Scientific Sessions of the American College of Cardiology, Washington, D. C., February 4, 1971 .
Received for publication 11 January 1974 and in revised form 15 April 1974. raphy has become well recognized in recent years (1) (2) (3) (4) (5) (6) (7) (8) (9) . Individuals with this syndrome comprise approximately 10-20% of several large series of patients who have undergone angiographic study for suspected coronary artery disease. To further complicate the clinical picture, a number of these patients exhibit objective evidence for myocardial ischemia as manifested by abnormal S-T segment changes after exercise and myocardial lactate production during cardiac catheterization (4, 9) . Several possible hypotheses have been proposed to explain the underlying symptomatology of this syndrome. These include: disease of the small vessels of the myocardium (10) , spasm of the large coronary vessels, maldistribution of coronary blood flow, and abnormalities of oxyhemoglobin dissociation (11) . In a recent report, Eliot and Bratt demonstrated significant rightward shifts of oxyhemoglobin dissociation curves at rest in 14 of 15 women with findings suggestive of ischemic heart disease but with normal coronary arteriograms. They further suggested that these abnormalities may play a possible causative role in this condition (11) . The purpose of this study, therefore, was to examine the hypothesis of a defect in oxygen transport in similar patients wcho came to study in our laboratory.
METHODS
20 patients, 10 men (ages 3044) and 10 women (ages 37- 59) with chest pain suggestive of coronary arteriosclerosis (from 6/1970 to 3/1971) form the basis of this report. Each patient had a history of recurrent chest discomfort established for at least 6 months and often for several years. Several of the patients in the group had been hospitalized on multiple occasions for chest pain suggesting acute coronary insufficiency and were considered to have symptomatic coronary artery disease before the time of study. In each, a thorough search was made for extracardiac sources of chest pain by appropriate clinical studies (including upper gastrointestinal series, cholecystogram, and roentgen examination of the cervicodorsal spine). Individuals with other forms of clinically recognized cardiac disease were excluded from this study, as were patients with significant anemia, erythrocytosis, thyroid disease, and chronic renal or pulmonary disease. Antianginal agents (propranolol) were discontinued several (2-3) days before catheterization.
A double two-step exercise test was performed as described previously (12) . An exercise test was considered abnormal if 0.5 mm or greater flat RS-T segment depression occurred during the immediate postexercise period in 50%o
of the recorded complexes in any lead.
All subjects underwent diagnostic right and left heart catheterization, selective coronary cinearteriography, and left ventriculography. Pressure measurements were made with Statham P23Db strain gauges (Statham Instruments Inc., Oxnard, Calif.) and recorded on a Sanborn 560 Polybeam photographic recorder (Hewlett-Packard Co., Palo Alto, Calif.). Cardiac output was determined by the indocyanine green dye-dilution technique. Paired blood samples for determination of lactate concentrations were obtained from an indwelling arterial catheter and a second catheter, fluoroscopically positioned within the coronary sinus. Measurements were made at rest and during a stress state with either an isoproterenol infusion or tachycardia induced by atrial pacing. Lactate concentrations were determined in duplicate by using a modification of the method of Horn and Bruns previously reported from this laboratory (13) .
Coronary arteriography was performed using dual-field (9-6-inch) (General Electric Medical Systems Div., General Electric Co., Milwaukee, Wis.) image intensification and recorded on 16-mm Ilford Pan F film (Ilford Ltd., Ilford, Essex, England) exposed at 60 frames per s. Multiple projections, including right and left anterior oblique views of each coronary artery, were obtained at both magnifications. In each instance, the films were of good radiographic quality and demonstrated no evidence for intraluminal coronary artery disease. At least three of the authors reviewed each film independently and agreed to the normality of the coronary circulation. Cineventriculograms were performed and analyzed as previously described (14) .
Heparinized samples of venous whole blood (WB) 1 (15) . Blood levels of carbon monoxide were determined by a gas chromatographic method (16) . Serum inorganic phosphorus was de- termined by a standard biochemical method.
Oxyhemoglobin dissociation curves using whole blood were performed by using the method described by Duvelleroy, Buckles, Rosenkaimer, Tung, and Laver (17 and patterns of contraction. Standard double two-step exercise tests were performed in 18 patients and were positive in 5.
Myocardial lactate metabolism was studied in 11 patients and was found to be abnormal during stress in 2 individuals. One patient, a man aged 33, with a history of exertional chest pain completely consistent with classical angina pectoris, demonstrated normal myocardial lactate extraction at rest but lactate production during tachycardia induced by atrial pacing. The other patient, a woman aged 49, exhibited both a positive twostep exercise test and myocardial lactate production during isoproterenol stress. Studies in this patient are described in detail below.
Another patient of special interest included in this group is a woman, aged 52, who presented with the variant form of angina pectoris attributed to Prinzmetal (19, 20) .
Studies of oxyhemoglobin dissociation in normal control subjects. The data in control subjects is of relevance in interpreting the findings observed in the patient group. Fig. 1 - The specific values for Pro and RBC levels of 2,3-DPG in the entire patient group are also presented in Fig. 1  (third panel of each graph) . The control data are juxtaposed for the purpose of comparison. Of 20 patients with the anginal syndrome, studies in 19 fell within or very near the normal range (mean values for the entire group were P6o, 26.7±+1.5 torr, and RBC 2,3-DPG, 0.72±0.1 M/M hemoglobin. These include the studies from four of the five patients with a positive two-step exercise test, the previously described male patient with lactate production during stress and the patient with variant angina pectoris. No statistical differences were observed between the two groups.
10 smokers were included in the patient group. Of these, three patients had elevated WB levels of carbon monoxide. Two patients with carbon monoxide concentrations of 0.72 and 0.85 ml/100 ml WB showed minor leftward shifts of the lower portion of their dissociation curves, but values for P6o remained within the normal range. Mean levels of carbon monoxide were normal at 0.14±0.01 ml/100 ml WB in 10 patients who were nonsmokers.
The lowest data points in each panel of the patient group represent values for P60 and RBC 2,3-DPG, respectively, in the same patient (M. P.), a 49-yr-old female who was a heavy smoker with a 5-yr history of exertional chest pain and both a positive two-step exercise test and myocardial lactate production (Fig. 3 ). An initial study performed during the time when she maintained her usual pattern of heavy cigarette smoking (no. 1) demonstrated high blood levels of carbon monoxide at 1.22 ml/100 ml WB (or 7%) and a significant leftward shift of the dissociation curve with a Hemoglobin Affinity for O0 in Angina with Normal Coronary Arteriograms Equal numbers of men and women with this syndrome comprised the study population, in contrast to previous reports in the literature in which females predominated (3, 7) . Objective laboratory evidence for the presence of myocardial ischemia, as manifested by abnormal RS-T segment depression after exercise or myocardial lactate production, was present in six patients, five of whom were women. The increased frequency of these abnormalities in women as compared to men is consistent with our experience in a large group of such patients with the anginal syndrome and normal coronary arteriograms (9) .
Hemoglobin affiinity for oxygen. Since nearly all of the oxygen in the blood is carried within the erythrocytes in combination with hemoglobin, the delivery of oxygen to cardiac muscle and other tissues is in part determined by the affinity with which hemoglobin binds or releases oxygen for use by other cells (21) . The dynamic character of this affinity relationship between hemoglobin and oxygen over a range of partial pressures for oxygen is graphically represented by the oxyhemoglobin dissociation curve. Poe, the partial pressure of oxygen at 50% saturation at pH 7.4 and at 370C numerically determines the affinity of hemoglobin for oxygen. Increased hemoglobin affinity for oxygen is characterized by a shift of the oxyhemoglobin dissociation curve to the left of normal, with a lower value than normal for P50, while decreased affinity is indicated by a shift of the curve to the right of normal with a higher value than normal for P50. Recent biochemical studies (22) (23) (24) (25) of the hemoglobin-oxygen interaction have established the important role of certain intra-erythrocytic organic phosphate compounds derived from the glycolytic cycle, primarily 2,3-diphosphoglyceric acid (2,3-DPG), in regulating the binding or release of oxygen from the hemoglobin molecule.
One possible point of criticism may be raised regarding the specific values for P6o reported in our patients, (25, 26) by other investigators using different methods (18, 27, 28 (22, 24) and Chanutin and Curnish (23) . This normal variability, therefore, makes difficult the interpretation of minor changes in P50 or 2,3-DPG reported to occur in studies both in patients with the anginal syndrome and normal coronary arteriograms and those with documented coronary artery disease as being of physiologic importance (29) (vide infra). Presumably a shift in the oxyhemoglobin dissociation curve should have physiologic consequences only in organs with high differences in arteriovenous oxygen content, such as the heart, brain, and skeletal muscle performing active work (21, 29) . Studies of transmyocardial oxygen tension have demonstrated a decreasing level of Po2 from the epicardium to the endocardium (30) . Hence, one would suspect that such shifts at rest in oxyhemoglobin dissociation curves, particularly when substantiated by appropriate changes in RBC levels of 2,3-DPG, would only be of physiological significance if they altered myocardial oxygen arteriovenous difference, thereby, reflecting a change in myocardial blood flow. This would, at least in theory, be manifested by appropriate changes in coronary venous oxygen content, the fraction of oxygen extracted and resting coronary blood flow (since arterial saturation tends to remain constant at normal levels of Po2). Such findings have not been described in either patients with the anginal syndrome and normal coronary arteriograms, nor in those with documented coronary artey disease (4, 8, 9, 31) .
In one patient (AM. P.) with an abnormal leftward displacement of the dissociation curve, this was completely consistent with the high levels of carboxyhemoglobin present. Similar abnormalities have been reported in heavy smokers by several investigators (32, 33) . While discontinuation of smoking corrected this abnormality, the patient's symptoms of chest discomfort did not abate during this brief period of time. The paradoxical fall in RBC levels of 2,3-DPG after the rightward shift of the oxyhemoglobin dissociation curve to the normal range and the relatively low levels of serum inorganic phosphorus remain unexplained.
Comments on studies by other investigators. The previous findings reported by Eliot and Bratt (11), although not confirmed by our data, require further comment. The oxyhemoglobin dissociation curves reported in their study were determined by different methods from our own (using RBC hemolysates and standard tonometric techniques). The rightward shifts in oxyhemoglobin dissociation curves (>3.1 mm Hg than normal) observed in their patients, however, indicate reduced hemoglobin affinity for oxygen and more likely represent a result rather than a cause of myocardial hypoxia (34) . More recent studies by these investigators (35, 36) utilizing an elaborate stop-flow technique to determine the rate of oxygen release from purified hemoglobin preparations of -these patients have demonstrated decreased rates of release of oxygen, a finding not completely consistent with the oxygen-hemoglobin equilibrium (oxyhemoglobin dissociation curves) data reported earlier.
Since the patients described in this report were not studied under conditions of stress, we could not specifically exclude the possibility of an acute defect in oxygen transport during the time of cardiac stress when objective findings of myocardial ischemia were observed.
Two recent studies by other investigators, however, are important in this regard. Under conditions of angina pectoris induced by atrial pacing, Schapell et al. (37) demonstrated minor (0.6-2.9 mm Hg) increases from control in P50 of coronary sinus blood in five patients with coronary artery disease. These changes occurred without concomitant changes in RBC levels of 2,3-DPG. In one patient with normal coronary arteriograms, however, no change in Pso was observed during pacing tachycardia, despite the development of ischemic S-T segment depression and myocardial lactate production without concomitant chest pain. In contrast, another study demonstrated minor increases in P50 from control values (rightward shift of the oxyhemoglobin dissociation curve) after pacing tachycardia in 9 of 27 patients with the anginal syndrome and normal coronary arteriograms and in 24 of 76 patients with documented coronary artery disease (38) . These findings, particularly in patients with the anginal syndrome and normal coronary arteriograms, are probably of little or no physiologic importance, since normal regulatory mechanisms can augment coronary blood flow many fold to compensate for possible myocardial hypoxia (39) . These changes may be Hemoglobin Affinity for Or in Angina with Normal Coronary Arteriograms 41,3 of importance, however, in patients with coronary arterial lesions during stress where severe coronary flow limitation occurs. In these instances, acute decreases in hemoglobin affinity for oxygen may permit a minor, but perhaps critical, increase in oxygen delivery to ischemic myocardium (40) .
